Abstract. We present new Holocene and glacial d
Introduction
The Southern Ocean is a critical part of the global climate system. The continental shelves of the Weddell and Ross Seas are sites of Antarctic Bottom Water (AABW) formation. The highly barotropic Antarctic Circumpolar Current (ACC) reaches the ocean floor and is able to mix efficiently the North Atlantic Deep Water (NADW) and deep waters from the Indian and Pacific Oceans. The mixture of these deep waters, the Circumpolar Deep Water (CDW), then spreads back into the other ocean basins in one form or another. The formation of Antarctic Intermediate Water (AAIW) by Ekman pumping occurs in the convergence zone at the Polar Front and to the north in the subantarctic zone. The northward advection of temperatures and salinities of AABW, CDW, and AAIW from the Southern Ocean to other ocean basins has a profound effect on the global ocean circulation and thus on global climate.
In addition, the surface waters of the Southern Ocean are key in controlling the atmospheric CO 2 content because they link the atmosphere and the large carbon reservoir of the world deep ocean. The Southern Ocean surface waters have thus been a focus of attention in connection with the investigations of low atmospheric CO 2 content during the Last Glacial Maximum (LGM) [Barnola et al., 1987] as well as with the forecasts of future atmospheric pCO 2 levels [e.g., Sarmiento et al., 1998 ]. Specifically, the relatively abundant surface macronutrients of the modern Southern Ocean provide an opportunity for enhanced biological pump (export of surface nutrients and CO 2 to the deep ocean) to reduce the atmospheric CO 2 content [Martin and Fitzwater, 1988] . Also, reducing the vertical mixing of Southern Ocean surface waters can lower the atmospheric pCO 2 by limiting the transfer of CO 2 from the deep ocean to the atmosphere [Ennever and McElroy, 1985; Toggweiler and Sarmiento, 1985; Wenk and Siegenthaler, 1985] .
In order to better understand the glacial Southern Ocean hydrography near the surface and at depth we examine the latitudinal distributions of d
18
O in the calcite test of planktonic foraminifera Neogloboquadrina pachyderma and benthic foraminifera Cibicidoides species. Their d 18 O reflects the seawater temperature and salinity in which they calcify their shells. The planktonic foraminiferal carbon isotope ratios associated with this data set are discussed extensively by Kohfeld [1998] . Also, benthic foraminiferal carbon isotope ratios in the Southern Ocean have been discussed recently at length [Matsumoto and Lynch-Stieglitz, 1999; Ninnemann and Charles, 1997; Oppo and Horowitz, 2000] . Our new data in combination with those in the literature show that the spatial distribution of d
18 O in planktonic and benthic foraminiferal tests remained nearly the same during the LGM as during the Holocene, a conclusion similar to that reached by Charles and Fairbanks [1990] on the basis of a subset of the planktonic foraminiferal d
18 O data shown here. The additional work in the Southern Ocean since that of Charles and Fairbanks [1990] more strongly constrains the LGM Southern Ocean hydrography, and we also infer that the circulation was similar during the Holocene and the LGM.
Materials and Methods
For the new data presented here, oxygen and carbon isotope measurements were made on N. pachyderma and Cibicidoides species (including Planulina wuellerstorfi) from cores in the Atlantic and Pacific sectors of the Southern Ocean (Table 1) . Ten or more individual shells of N. pachyderma larger than 150 mm were used to make a single isotope measurement. For benthic foraminifera, measurements were made on groups ranging from one to four individuals larger than 212 mm. [Lynch-Stieglitz et al., 1999] , which is nearly the same as for inorganically precipitated calcite, presumed to be equilibrium precipitation [Kim and O'Neil, 1997] , and for cultured planktonic foraminifera [Bemis et al., 1998 ] for the temperature range over which they overlap. None of these relationships were calibrated below 4°C. It is worth noting that the ''paleotemperature'' equations in these three studies all produce slightly higher d
18 O values than the older experiments with inorganic precipitation [O'Neil et al., 1969] and the Uvigerinabased paleotemperature equation of Shackleton [1974] . It was necessary to add +0.64% [Shackleton and Opdyke, 1973] or +0.83% [Herguera et al., 1992] [Bemis et al., 1998; Lynch-Stieglitz et al., 1999] . Further experiments are necessary to determine whether Cibicidoides precipitates in isotopic equilibrium at colder temperatures. The d 18 O measurements on N. pachyderma collected from plankton tows in the South Atlantic [Kohfeld, 1998 ] also appear consistent with the Kim and O'Neil [1997] where PDB is Peedee belemnite and SW is sea water, because it was calibrated at a lower temperature (4°-26°C) than the Kim and O'Neil [1997] experiments, making it more appropriate for application to the low polar temperatures in this study. Annual mean salinity and temperature . The seawater d
18 O-salinity relations for the deep and near-surface waters were based on the regional Geochemical Ocean Sections Study data [Bainbridge, 1981; Broecker et al., 1982; Weiss et al., 1983] .
Some of the cores that we analyzed from the South Pacific were multicores, which are designed to retrieve the surface sediments. 18 O values by the amount expected from a global ice volume change of 1 $ 1.3% as reported by Fairbanks [1989] , Schrag and DePaolo [1993] , and Schrag et al. [1996] . For the previously published LGM data we used the intervals chosen by these authors using very similar criteria.
We compiled previously published N. pachyderma and Cibicidoides species d
18 O data from the South Atlantic and the South Pacific south of 30°S (Figure 1) 18 O data are included in our compilation because they offer the only benthic data from the periphery of the Antarctic continent. A more detailed comparison of these data with those farther to the north will require further investigation into the isotopic fractionation of E. exigua relative to Cibicidoides. Our compilation is archived at the World Data Center-A for Paleoclimatology (http://www.ngdc.noaa.gov/paleo/data.html). Kohfeld [1998] show that planktonic foraminifera are most abundant in the top 200 m but do not reveal a pronounced depthdependent encrustation for N. pachyderma. One possible reason for this may be that the water column stratification was weak at the time of plankton tows [Kohfeld, 1998 ], before the formation of the shallow, seasonal pycnocline ($50 m). The implication is that plankton tows during the summer may show preferential N. pachyderma encrustation in the upper 50 m. While this may, indeed, be the case, N. pachyderma associated with the shallow mixed layer appears to contribute little to the N. pachyderma preserved in the sediments because surface sediment N. pachyderma d
18 O data agree with the d 18 O of N. pachyderma captured by plankton tows in the uppermost 300 m when stratification was weak [Kohfeld, 1998 ]. 18 O calcite , while the E. exigua data are heavier by $0.6%, as discussed in section 2. Cibicidoides d
18 O becomes slightly heavier from 30°S to 55°S, reflecting the presence of increasingly colder waters to the south. For the Holocene this can be explained by the presence of a higher percentage of the colder AABW relative to NADW. It is worth noting that as long as there are sources of deep water flowing into the Southern Ocean with varying densities (e.g., AABW and NADW), the geostrophic flow of the ACC will be reflected in isopycnals that slope upward to the south, and an increase in density to the south will be reflected in the southward increase of benthic d
18 O. The latitudinal distributions of glacial N. pachyderma and Cibicidoides d
18 O from the Atlantic sector are structurally very similar to the Holocene (Figure 4b ). The glacial benthic d
18 O is nearly uniform. The scatter in the glacial data is larger than for the Holocene, so we do not observe the increase in benthic d
18 O between 30°S and 55°S. However, the scatter in the data is large enough that we cannot rule out that such a gradient and continued formation of AABW somewhere in the perimeter of Antarctica [Duplessy et al., 1996] 18 O gradient between the planktonic and benthic data poleward of the Polar Front suggests that CDW continued to upwell because it is the strong vertical exchange that drives the Antarctic surface water temperature and salinity toward those of CDW. If this upwelling were significantly reduced, then the processes, such as precipitation and evaporation, that cause the surface water temperature and salinity to diverge from those of CDW would gain proportionally stronger control of the Antarctic surface water hydrography. Therefore, if the lack of change in the surface-to-deep d
18 O gradient were maintained by processes other than a continued CDW upwelling, then those processes somehow had to change in concert, which appears unlikely.
Despite the structural similarity to the Holocene the glacial Cibicidoides d
18 O data are heavier by $0.5% than the d 18 O calcite at 3000 m adjusted for the global ice volume effect (1.0 $ 1.3%; see Figure 4b ). This suggests that the glacial deep water was colder by 2°C or more [Labeyrie et al., 1987] . Because the deep water poleward of the Polar Front is near 0°C today, the temperature decrease implies a near freezing temperature for the glacial CDW.
In the Pacific sector, much fewer data are available ( 
Discussion
In light of the limited number of data and the ambiguities in the Pacific sector, we discuss glacial Southern Ocean hydrography and [Charles, 1991; Charles and Fairbanks, 1990; Charles et al., 1996; Donner and Wefer, 1994; Grobe and Mackensen, 1992; Grobe et al., 1990; Hodell, 1993; Hodell et al., 2000; Keigwin and Boyle, 1989; Mackensen et al., 1994 Mackensen et al., , 1989 Niebler, 1995; Ninnemann and Charles, 1997; Wefer et al., 1982] and epibenthic foraminifera Cibicidoides species and E. exigua from deeper than 2000 m [Belanger et al., 1981; Boyle, 1992; Charles and Fairbanks, 1992; Curry et al., 1988; Curry and Lohmann, 1982; Duplessy et al., 1988 Duplessy et al., , 1984 Graham et al., 1981; Mackensen et al., 1994 Mackensen et al., , 1993 Matsumoto and Lynch-Stieglitz, 1999; Sarnthein et al., 1988 Sarnthein et al., , 1994 . Also included are unpublished data from P. G. Mortyn et al.
(Building a marine sedimentary analog for the Vostok ice core, manuscript in preparation, 2001). Core locations of planktonic foraminiferal data are indicated with circles, and benthic foraminiferal data are indicated with crosses. Positions of the modern Antarctic Polar Front [Orsi et al., 1995] and mid-ocean ridge axes are also plotted.
circulation on the basis of d 18 O data from the Atlantic sector, where there is good evidence for continued upwelling of CDW at the Antarctic Divergence and no change in the mean position of the Polar front.
Glacial Southern Ocean Circulation
The most simple and fundamental conclusion to be drawn from the latitudinal d
18 O distributions of planktonic and benthic foraminifera is that there was little change in the overall Southern Ocean hydrography and thus in circulation between the last glacial period and today. The robust Southern Ocean circulation suggests that factors such as bottom topography and land-sea configuration that do not change over the glacialinterglacial timescale exert strong controls over large-scale ocean circulation.
A glaciated continent centered over the South Pole, together with the same sense of the Earth's rotation and geostrophy, would set the conditions for the presence of surface westerly winds over the LGM Southern Ocean. The winds, through Ekman pumping, would in turn cause CDW to upwell where surface water and sea ice diverge. Also, the circumpolar west- Table 1 . Glacial sediments were not reached or were not available in multicores at NBP9802 stations 8 (Figure 2a ) and 7 ( Figure 2b ) and at GL78-16 (Figure 2f ). erlies would drive the ACC. We expect the glacial ACC and its fronts to have been guided largely by bottom topography like today, as determined from historical hydrographic data [Belkin and Gordon, 1996; Gordon et al., 1978] , satellite data [Chelton et al., 1990; Gille, 1994; Moore et al., 1999] , and models [Gille, 1997; Hughes and Killworth, 1995; Marshall, 1995] . Although the mean position of the Polar Front in a simple, one-layer Southern Ocean model is shown to shift 2°to the north in a glacial simulation forced by westerlies increased in strength by 70% and shifted northward by 5°compared to the modern Polar Front [Klinck and Smith, 1993] , a 2°shift does not appear significant, as it is well within the natural spatial variability of the Polar Front according to a 7-year observation of satellite sea surface temperatures [Moore et al., 1999] . It should be pointed out that it remains to be demonstrated that the westerlies can shift in position independently of the ACC, given the strong atmosphere-ocean coupling in the Southern Ocean. While our d
18 O data do not preclude frontal shifts by $2°or less, any larger shift as suggested by other studies and discussed in section 4.2 is not supported (Figure 4) .
It is important to point out that planktonic foraminiferal d 18 O, including the N. pachyderma data presented here, does not offer much constraint on sea ice formation and melting. While these processes have important roles in determining the sea surface salinity and thus the surface conditions in polar regions, they do not change the d 18 O of seawater as much as evaporation and precipitation [Craig and Gordon, 1965] . Because of this the d 18 O of foraminiferal calcite from the Antarctic is not related to density in a straightforward way, as it is in the warm waters of the world ocean [Lynch-Stieglitz et al., 1999] .
Consistencies With Other Studies
Our view that large-scale glacial Southern Ocean circulation was similar to modern circulation adds to the constraints offered by previous studies in reconstructing the glacial Southern Ocean. While we are unable to consistently account for all observations, here we discuss our interpretation in relation to other work that relates to the position of the Polar Front, sea ice extent, and surface productivity.
The position of the Polar Front is associated today with high surface productivity [Lutjeharms et al., 1985] and with a sediment boundary that separates the carbonate-rich sediments to the north from the opal-rich sediments to the south. This boundary shifted northward by $7°during the LGM compared to the Holocene, which has been used as supporting evidence for a northward migration of the Polar Front [Hays et al., 1976] . Additional supporting evidence is provided by the enhanced export productivity (primarily opal flux) during the LGM to the north of the modern Polar Front [Kumar et al., 1995] . However, export production and plankton assemblages reflect environmental conditions, including sea ice cover, surface water stratification, and the supply of nutrients to the surface waters, and they are not tied directly to the Polar Front itself. The CaCO 3 -opal sedimentary boundary recorded in glacial sediments could reflect a biological response to variables other than the position of the Polar Front. In contrast, foraminiferal d
18 O directly reflect sea- water temperature and salinity, which are the hydrographic properties used to define the Polar Front and other physical oceanographic features.
One way to enhance diatom productivity (and hence opal flux) and to shift the CaCO 3 -opal sediment boundary without a change in the position of the Polar Front is a stronger northward mixing of relatively fresh, silica-rich Antarctic surface water across the front, as first suggested by Charles et al. [1991] . Cross-frontal mixing is evident today in the formation of AAIW with its low salinity signature within the Polar Frontal Zone, lying between the Polar Front and the Subantarctic Front. Also, the nitrogen isotope ratio (d 15 N) measurements of surface water nitrate from the subantarctic Indian and Pacific Oceans point to cross-frontal mixing as the main mechanism for supplying nitrate to the surface subantarctic [Sigman et al., 1999] . By analogy with modern nitrate transport an increased cross-frontal mixing of dissolved silica could have supported the increased glacial diatom productivity recorded in sediments north of the modern Polar Front. This mechanism can accomplish the separation of the ''silica front'' as seen in sedimentary opal belt and the ''dynamical front'' represented by the Polar Front .
Today, freshly supplied silica and nitrate are supplied from below to the Antarctic surface waters in a molar ratio of roughly 2:1 which drops as surface waters advect away because proportionally more silica compared to nitrate is consumed by diatoms [Hutchins and Bruland, 1998; Takeda, 1998; Franck et al., 2000] . By the time surface waters approach the Polar Front, silica is significantly depleted, especially in summer [Sigmon et al., 2001] . If this condition had persisted during the last glacial period, even a stronger cross-frontal mixing may not have provided a sufficient amount of silica to the surface waters north of the Polar Front to support an enhanced diatom productivity. Assuming that CDW upwelling was largely unchanged relative to today, as suggested by our d
18 O data, reduced silica utilization south of the Polar Front would have permitted an increased cross-frontal transport of silica during the LGM. A lower silica utilization in the glacial Antarctic surface is consistent with low silicon isotope ratio (d 30 Si) measured on sedimentary opal [De La Rocha et al., 1998 ]. In fact, a box model calculation of surface silica budget to account for observed opal burial rates in the glacial Southern Ocean indicates a less efficient silica utilization in the Antarctic surface waters , although the opal burial rates used in the model were not 230 Th-normalized, which is necessary to account for syndepositional sediment redistribution [Suman and Bacon, 1989] .
A scenario that can reduce silica utilization by limiting diatom growth to the south of the Polar Front is increased sea ice cover [Schrag and DePaolo, 1993; Schrag et al., 1996] and by +1.3% [Fairbanks, 1989] . The approximate position of the Polar Front is indicated by an arrow. The Antarctic Zone is to the south of the Polar Front. in space and time , a notion that appears to be partially consistent with a recent reconstruction of the LGM Southern Ocean sea ice [Crosta et al., 1998 ]. According to diatom floral assemblages, winter sea ice was more expansive by 5°$ 8° [Crosta et al., 1998 ], which was likely a result of a greater rate of sea ice formation facilitated by stronger katabatic winds and colder surface air during the LGM. The more expansive and possibly thicker winter sea ice may have partly persisted through the year and may have occupied a larger area than today, thereby limiting diatom productivity and silica utilization. However, the summer sea ice edge of Crosta et al. [1998] shows that the glacial Southern Ocean was as ice-free as today, although this summer reconstruction is not as well constrained by data. To account for the open waters, Crosta et al.
[1998] call on heat flux from upwelling CDW to melt back the winter sea ice [Gordon, 1981] . However, it is unlikely that any significant amount of heat was supplied by upwelling CDW if, indeed, the glacial CDW was near the freezing temperature, as suggested by our d 18 O data. A simple air-sea heat flux calculation using bulk aerodynamic formulae that ignore ocean-atmosphere coupling suggests that it also appears unlikely that any significant heat flux was supplied by the atmosphere (Figure 6 ). For analysis we assume that the change in surface air temperature over the Southern Ocean between today and the LGM lies somewhere between a minimum reduction of $5°C, as observed in tropical continental regions [Stute et al., 1995] , and a maximum of $12°C, as observed at Vostok, Antarctica [Petit et al., 1999] . For surface air temperatures from 5°$12°C below the modern temperatures the calculated ocean heat flux for the spring season is all negative (Figure  6 ), which thermodynamically predicts sea ice formation. We emphasize, however, that this result is speculative because ocean-atmosphere coupling was neglected and it is unclear if the 5°$12°C reduction in air temperatures over the Southern Ocean is reasonable. However, we note that ice divergence under the influence of the strengthened westerlies, instead of sea ice melting, could have created sufficient leads that allowed ''open ocean'' diatoms to survive and to have left a mark in the sediments [Crosta et al., 1998 ]. The presence of a substantial amount of sea ice in the Antarctic surface waters during the LGM summer is consistent with the dominance of Eucampia antarctica, a diatom species abundant today only near shore or in a pseudoneritic environment such as floating sea ice, in the glacial sediments [Burckle, 1984] .
These uncertainties indicate that sea ice reconstruction during the LGM summer is an area which would benefit from more paleoceanographic studies in the future. Also, the role of dynamics (ice divergence) versus thermodynamics (ocean heat fluxes) in determining the modern Southern Ocean sea ice distribution is currently being debated [Martinson, 1993] , and a better understanding of these modern processes would help extend our understanding of the glacial Southern Ocean.
Two other mechanisms are also capable of producing the silica underutilization south of the Polar Front during the LGM that allows enhanced cross-frontal mixing of silica to explain the northward migration of the sedimentary opal belt [Hays et al., 1976; Kumar et al., 1995] . One is that the increased availability of iron from the dustier glacial Southern Hemisphere atmosphere [Petit et al., 1999] effectively lowered the Si:N uptake ratio by diatoms [Hutchins and Bruland, 1998; Takeda, 1998 ]. The second is that other phytoplankton species common in the Southern Ocean, such as Phaeocystis, which do not make siliceous shells, outcompeted diatoms in the Antarctic surface waters. It is important to note that the growth of diatoms in the first case and the growth of nonsiliceous phytoplankton in the second would have to be somehow slowed or halted so that nitrate would not Difference from modern air and dew point temperatures (°C) Figure 6 . Average total atmosphere-to-ocean heat flux for a 60-day melting period today between mid-November and mid-January in the latitude band from 60°$70°S [after Gordon, 1981] . The modern value (solid circle) was calculated using all climatologies describing the modern conditions from Gordon [1981] , except wind speeds which were taken from 1854 -1992 monthly Comprehensive Ocean-Atmosphere Data Set climatology [Woodruff et al., 1987] ; the modern value is equivalent to ''Qt'' in Table 3 of Gordon [1981] . Incoming shortwave radiation was adjusted for the Last Glacial Maximum according to Berger [1978] . Glacial heat fluxes (open circles) were calculated for equivalent temperature decreases from the modern surface air and dew point temperatures. This simple plot shows, as expected, that as the air temperature and moisture content decrease, the ocean loses more heat to the atmosphere as the colder and drier air extracts larger sensible and latent heat from the ocean.
become completely depleted. Otherwise, there would not be enough nitrate to be mixed northward together with silica across the Polar Front. However silica utilization was diminished to the south of the Polar Front during the LGM, the idea of diminishment gains support from the observation that opaline export productivity was reduced there [Kumar et al., 1995] . This is in addition to the evidence for reduced silica utilization from sedimentary d 30 Si [De La Rocha et al., 1998 ] mentioned above. Furthermore, a reduction in silica utilization is not inconsistent with increased nitrate use, as indicated by bulk sedimentary d 15 N [Francois et al., 1997] . If reduced silica use was partly brought about by a lower Si:N uptake ratio by diatoms due to iron availability or ecologically dominant phaeocystis, then increased nitrate utilization would, in fact, be predicted. Therefore reduced silica utilization south of the Polar Front appears to be relatively well supported by observations.
Observations from the north of the Polar Front paint a more mixed picture of the glacial Southern Ocean. According to sedimentary d
15 N measurements the increase in opal export productivity [Hays et al., 1976; Kumar et al., 1995] occurred without much difference in nitrate utilization efficiency compared to today [Francois et al., 1997] . To account for these observations, Francois et al. [1997] suggest that there was an increased supply of nitrate from below as a result of weaker vertical stratification. However, a weaker stratification seems to be at odds with the diatom's need for a strongly stratified, shallow mixed layer in order to bloom.
Also, a stronger stratification would be expected if there were a larger flux of fresh water to the north of the Polar Front as a result of stronger cross-frontal mixing of Antarctic surface waters that is needed to supply silica for enhanced diatom productivity as recorded in sediments. A large amount of fresh water would be available for cross-frontal mixing in the vicinity of the Polar front from increased sea ice formation due to colder and stronger katabatic winds and decreased melting of sea ice to the south of the polar front due to colder air temperatures and colder CDW.
These considerations indicate that the characterization of the glacial Southern Ocean surface waters to the north of the Polar Front is another area that would benefit from more studies. For example, a better understanding of the modern nutrient supply [Sigman et al., 1999] and use [Hutchins and Bruland, 1998; Takeda, 1998 ] as well as more reconstruction of nutrient utilization [De La Rocha et al., 1998; Francois et al., 1997] would help advance our understanding of the glacial Southern Ocean.
Conclusions
We presented Holocene and LGM latitudinal foraminiferal d
18 O distributions in the Atlantic and Pacific sectors of the Southern Ocean in order to understand its glacial hydrography. N. pachyderma and Cibicidoides d
18 O patterns are nearly the same during the Holocene and the LGM, suggesting that the basic hydrographic structure and thus the circulation remained unchanged. The d
18 O data indicate a continued upwelling of CDW at the Antarctic Divergence and no significant change in the mean position of the ACC frontal system. These results suggest that factors that do not change over glacial-interglacial timescale, such as bottom topography and land-sea configuration, exert significant controls over the large-scale Southern Ocean circulation. Our results, when examined together with other LGM observations, suggest that a reduced silica utilization south of the Polar Front and a stronger northward mixing of the underutilized silica across the Polar Front can account for a northward migration of the opal belt without having to shift the Polar Front as called for by previous studies.
